. We found that threshold [Ca 2ϩ ] i for high extracellular K ϩ (K e ϩ ) to elicit a release response is Ϸ250 nM. Caffeine (10-40 mM), ryanodine (0.5 M), thapsigargin (0.05-1 M), and cyclopiazonic acid (10 M) did not alter the basal or the stimulus (hypoxia, high K e ϩ )-induced release of CA. The same agents produced Ca i 2ϩ transients of amplitude below secretory threshold; ryanodine (0.5 M), thapsigargin (1 M), and cyclopiazonic acid (10 M) did not alter the magnitude or time course of the Ca i 2ϩ responses elicited by high K e ϩ . Several potential activators of the phospholipase C system (bethanechol, ATP, and bradykinin), and thereby of inositol 1,4,5-trisphosphate receptors, produced minimal or no changes in [Ca 2ϩ ] i and did not affect the basal release of CA. It is concluded that, in the rabbit CB chemoreceptor cells, Ca i 2ϩ stores do not play a significant role in the instantto-instant chemoreception process.
hypoxia; catecholamine; thapsigargin; caffeine; ryanodine; cyclopiazonic acid THE ROLE OF intracellular free Ca 2ϩ concentration ([Ca 2ϩ ] i ) in the control of cellular functions, including the release of neurotransmitters, was recognized many decades ago, but the list of cellular functions triggered or modulated by increased levels of intracellular Ca 2ϩ (Ca i 2ϩ ) has grown enormously (12, 28) . In parallel, several mechanisms aimed at maintaining resting free [Ca 2ϩ ] i in the range of 100 nM and allowing Ca i 2ϩ to rise during cell activation have been described (38) .
Many stimuli activate cells by causing a rise in free Ca i 2ϩ that occurs by Ca 2ϩ influx from the extracellular milieu via voltage-or receptor-operated channels; net influx of Ca 2ϩ may also occur via the Na ϩ /Ca 2ϩ exchanger (12, 28) . Ca 2ϩ efflux to the extracellular space occurs against electrochemical gradients, being the pumping out of Ca 2ϩ directly (Ca 2ϩ pump) or indirectly (Na ϩ /Ca 2ϩ ) coupled to the hydrolysis of ATP. There are also intracellular organelles, primarily the endoplasmic reticulum, that accumulate Ca 2ϩ via specific Ca 2ϩ -ATPases and contribute to restore basal levels of cytoplasmic free Ca 2ϩ after cell activation. On the other hand, specific stimuli can mobilize the accumulated Ca 2ϩ to produce a rise in free Ca i 2ϩ and cell activation; the efflux of Ca 2ϩ from the endoplasmic reticulum to the cell cytoplasm occurs via either or both the inositol 1,4,5-trisphosphate (IP 3 ) and the ryanodine (Ry) receptor channels (IP 3 R and RyR, respectively; see Refs. 34 and 36) . Therefore, the endoplasmic reticulum may function as a sink or as a source for free cytoplasmic Ca 2ϩ in different functional states of the cells (36) . At high concentrations of free Ca i 2ϩ , mitochondria may also accumulate Ca 2ϩ , functioning as sinks to reduce cytoplasmic free Ca 2ϩ . Our knowledge on the mechanisms of Ca 2ϩ handling in the chemoreceptor cells of the carotid body (CB) is rather restricted (see Ref. 22) . The release of dopamine (DA) elicited by hypoxia and high extracellular K ϩ (K e ϩ ) in the rabbit, cat, and rat CB (1, 19, 31 ; also unpublished results) and the Ca i 2ϩ rise produced by the same stimuli in chemoreceptor cells of the rabbit and rat (9, 23, 39) are extracellular Ca 2ϩ dependent by Ͼ95%. At variance with these findings, Biscoe and Duchen (7) and Duchen and Biscoe (15) reported that up to 40% of the hypoxic Ca i 2ϩ rise in rabbit chemoreceptor cells was due to Ca 2ϩ entering the cytoplasm from structurally unidentified intracellular stores. Lahiri et al. (26) have reported that the anoxic cat carotid sinus nerve discharge recorded in nominally Ca 2ϩ -free media was better preserved in the presence of thapsigargin (TG; an inhibitor of endoplasmic reticulum Ca 2ϩ -ATPase), concluding that Ca i 2ϩ stores contribute to CB chemoreception. Mokashi et al. (29) ] from the captured fluorescent signals (24) were made in the presence of 50 M ionomycin after perfusing the cells for 30 min with Ca 2ϩ -free (0 Ca 2ϩ ϩ 10 mM EGTA) or 2 mM Ca 2ϩ -containing solutions. Chemicals. Caffeine, ryanodine, TG, cyclopiazonic acid (CPA), and 2,5-di-(tert-butyl)-1,4-benzohydroquinone (TBH) were obtained from Alomone Laboratories (Jerusalem, Israel). Bradykinin, bethanechol, ATP, and all regular chemicals used to prepare physiological salt solutions were obtained from Sigma. Figure 1A shows the mean magnitude and time course of release of [ 3 H]CA elicited by several concentrations of K e ϩ applied for 9 min. The data shown in Fig. 1A were obtained in a single experiment performed with four CBs. Additional experi-ments were identically performed except for a rotation in the order of application of the different concentrations of K ϩ , which was imposed to eliminate uncontrolled time-dependent effects. As previously shown (1, 31) , the secretory response was sustained during the entire period of incubation with moderately high concentrations of K e ϩ (Ͻ30 mM), and it showed some type of adaptation at higher concentrations. Threshold K e ϩ concentration to elicit a measurable secretory response was ϳ20 mM. Mean basal release obtained in a total of eight CBs during 9 min in the control periods before and after 20 mM K ϩ application amounted to 1,191 Ϯ 150 dpm and during the 9 min of incubation with 20 mM K ϩ was 2,002 Ϯ 193 dpm; the difference between both numbers (811 Ϯ 162 dpm) represents the evoked release, and it is statistically significant (P Ͻ 0.01). Incubation with 10 and 15 mM K e ϩ produced a release of [ , whereas higher concentrations produced fast transient increases in Ca i 2ϩ levels followed by adapted levels of Ca i 2ϩ well above basal and lasting for the entire period of high-K e ϩ perfusion. The shape of the curve relating high K e ϩ to the release of CA in the rabbit CB ( ] in response to high-K e ϩ depolarization follows a similar relationship (Fig. 1C) . However, at moderately high concentrations of K e ϩ , the K e ϩ -Ca i 2ϩ curve is displaced to the left compared with the K e ϩ -release curve so that perfusion of the cells with 10 mM K ϩ already produced a significant increase in [Ca 2ϩ ] i to 154 Ϯ 21 nM from a basal rate (perfusion with 5 mM K ϩ ) of 95 Ϯ 21 nM (P Ͻ 0.05), whereas a significant increase in the release was only obtained with 20 mM K ϩ . From the comparison of the two curves, it is evident that a minimum increase in Ca i 2ϩ above basal is needed to elicit a secretory response. The curve relating the high-K e ϩ -elicited increase in [Ca 2ϩ ] i in isolated cells and secretory response in the intact CB (Fig. 1D) shows (34) . In adrenomedullary chromaffin cells incubated in Ca 2ϩ -free solutions, caffeine at 10-40 mM increased Ca i 2ϩ and the basal release of CA; at 40 mM caffeine, the release response was 12 times basal release (37, 43) . Figure 2A shows that 40 mM caffeine in nominally Ca 2ϩ -free medium did not elicit a secretory response in the chromaffin chemoreceptor cells of the rabbit CB. In a similar experiment in Ca 2ϩ -containing solution, caffeine at 20 mM was also ineffective at altering the ongoing basal release of [ 3 H]CA (data not shown). Figure 2B shows a sample record and mean Ca i 2ϩ responses elicited by 10 mM caffeine in isolated chemoreceptor cells while perfusing with Ca 2ϩ -containing solutions. In this particular cell, 10 mM caffeine caused a change (⌬) in Ca i 2ϩ of 130 nM, and the mean Ca i 2ϩ rise produced by 10 mM caffeine in 6 cells was 115 Ϯ 28 nM (Fig. 2B) . Ryanodine (0.5 M), which at submicromolar concentrations behaves as an agonist of the RyR (16, 25) ] i in resting cells (Fig. 2D) . In a small group of three CBs, 2 M ryanodine was equally ineffective at altering the ongoing release of (13) and ATP and bradykinin because they release Ca 2ϩ from intracellular stores in chromaffin cells of the adrenal medulla (3, 11) . Figure 3A shows that neither bethanechol (10 M), ATP (100 M (Fig. 3B) .
RESULTS

Release of [ 3 H]CA by the intact CB and Ca i 2ϩ in isolated chemoreceptor cells.
Effects (5, 14, 32) . Figure 4A shows that 1 M TG in combination with 0.5 M ryanodine did not affect the basal release of (Fig. 4B) . In isolated chemoreceptor cells, we studied the effect of TG (1 M) on Ca i 2ϩ levels. Figure 4C shows a sample record of the Ca 2ϩ transients produced by TG and mean peak Ca i 2ϩ levels observed in a total of six cells. Ϸ22 mmHg) in the control organs with that obtained in the experimental members of the pairs identically stimulated, except for the presence of 0.5 M ryanodine in the incubating solutions 20 min before and during the second application of the hypoxic stimulus (Fig. 5, A and B) . To statistically assess the possible effects of the drug, the ratios of the release response in the second presentation of the stimulus (S 2 ) to that obtained in the first (S 1 ; S 2 -to-S 1 ratios) in the control CBs were compared with the S 2 /S 1 obtained in the ryanodine-treated or experimental organs (Fig. 5C) ; for the hypoxic stimulus, there were no statistical differences between the S 2 -to-S 1 ratios obtained in control (0.60 Ϯ 0.07) and ryanodine-treated (0.61 Ϯ 0.06) CBs. In a similar experiment in which the stimulus was 35 mM K e ϩ , ryanodine also was ineffective at altering the evoked response, as mean S 2 -to-S 1 ratios obtained in six control (0.81 Ϯ 0.09) and in six ryanodine-treated (0.75 Ϯ 0.11) CBs were not statistically different (P Ͼ 0.05; Fig. 5C ). In these groups of experiments, the lack of effect of ryanodine on the basal release of [ 3 H]CA was also reassessed (see Fig. 5B ).
Effects of functional elimination of
In another series of experiments, we studied the effects of three inhibitors of the endoplasmic reticulum Ca 2ϩ -ATPase on the release of [ 3 H]CA elicited by hypoxia and high K e ϩ . The experimental protocol and the analysis and presentation of the data were identical to those described for ryanodine above. Figure 6A shows that incubation of the CBs with 1 M TG the 20-min period before and during the 10 min of the stimulus application did not alter significantly the release response evoked by a mild hypoxic stimulus (incubating solution equilibrated with 7% O 2 ; PO 2 Ϸ46 mmHg), an intense hypoxic stimulus (PO 2 Ϸ22 mmHg), and a moderate or an intense depolarizing stimulus (incubating solution containing 35 or 60 mM K ϩ , respectively). These experiments also confirmed that, during the 20-min incubation with TG before the stimulus application, the drug did not alter the basal release of A different way to explore the capacity of Ca i 2ϩ stores is to compare the properties of the Ca 2ϩ transients produced by stimuli activating Ca 2ϩ entry from the extracellular space (e.g., high K e ϩ or hypoxia) before and after functionally disrupting those stores. The results of such experiment are depicted in Fig. 7 , which shows sample records and mean peaks and time constants of Ca i 2ϩ transients produced by high K e ϩ in chemoreceptor cells superfused in control conditions and in the presence of agents (TG, CPA, and TBH) that disrupt the ability of internal stores to accumulate Ca 2ϩ . TG and CPA, used at the same concentrations as in the release experiments described above, did not alter the magnitude of the peak nor the time constant of recovery of the Ca 2ϩ transients elicited by high K e ϩ . TBH reduced the peak of the Ca 2ϩ transient elicited by high K e ϩ by Ͼ60% (Fig. 7 , B and C; P Ͻ 0.001); these findings are consistent with those shown in Fig. 6C indicating that TBH inhibits Ca 2ϩ entry from the extracellular space by blocking Ca 2ϩ channels (30) .
DISCUSSION
The aim of the present work was to elucidate the role of Ca i 2ϩ stores in the minute-to-minute process of chemoreception. We have correlated the effects of agents known to mobilize Ca 2ϩ from intracellular stores on their ability to produce Ca i 2ϩ transients or to alter the transients produced by high K e ϩ in isolated chemoreceptor cells, with their capacity to induce the release of CA or to alter the release induced by hypoxia and high K e ϩ in the intact CB. The results have disclosed Ca i 2ϩ stores with very low capacity; these Ca i 2ϩ stores were also unable to alter the secretory response in the chromaffin chemoreceptor cells of the CB. This implies that chemoreceptor cells in the rabbit CB depend almost exclusively on plasma membrane mechanisms to control the neurosecretion and to maintain their Ca 2ϩ homeostasis.
At the outset of the discussion, we want to clarify, in the context of the present study, the meaning of the release of CA with the overall process of chemoreception. On the one hand, it is well documented that chemoreceptor cells are capable of detecting PO 2 , the main physiological stimulus to the CB chemoreceptors (see Refs. 21 and 22) . It is also well documented that chemoreceptor cells of the rabbit CB release CA in response to hypoxia in direct proportion to its intensity and to the action potential frequency activity generated in the carotid sinus nerve (19) . Therefore, with independence of the role of CA in the genesis of the activity in the carotid sinus nerve, the release of CA represents a direct measure of the output of the hypoxic chemoreception in chemoreceptor cells.
The titration of the intact CB for the release of [ 3 H]CA and of isolated chemoreceptor cells for Ca i 2ϩ levels during stimulation with high K e ϩ (see Fig. 1 ) provides two critical pieces of information to interpret the results of the rest of the experiments. First, the data of Fig. 1 prove the high sensitivity of our radioisotopic method to detect evoked release. With stable baseline release of CA amounting to 200-400 dpm in the experiments with collection fractions of 2 and 3 min, we can detect reliably increases in the release in the range of 100-200 dpm/2-3 min above basal (representing Ͻ9 fmol). This high sensitivity might be critical because, as stated by Augustine and Neher (3) , the efficacy of Ca 2ϩ coming from the intracellular deposits to release CA might be small compared with that elicited by the depolarizing stimulus. Second, the threshold Ca i 2ϩ concentration to elicit a secretory response under high K e ϩ stimulation found in chemoreceptor cells is Ϸ250 nM, comparable to that seen in bovine chromaffin cells of the adrenal medulla for depolarizing stimulus (3), and none of the mobilizers of Ca 2ϩ from internal stores produces increases in Ca i 2ϩ above this threshold concentration (see Figs. 2-4) . Therefore, our measurements of Ca i 2ϩ under caffeine, ryanodine, bethanechol, ATP, bradykinin, and TG are fully consistent with their lack of effect on the secretory response. Furthermore, in their detailed study in chromaffin cells, Augustine and Neher (3) showed that, at identical average levels of Ca i 2ϩ (the parameter measured with fluorescent dyes), the rate of release of CA was higher if the Ca i 2ϩ rise was produced by depolarization. In other words, the threshold Ca i 2ϩ to promote release of CA would probably be higher than 250 nM when the Ca 2ϩ comes from internal stores. The experiments with caffeine and ryanodine (Fig. 2) indicate that the endoplasmic reticulum of chemoreceptor cells contains relatively few RyR or, alternatively, that the Ca 2ϩ stores sensitive to caffeine/ryanodine do not contain enough Ca 2ϩ to provide cytoplasmic levels of free Ca 2ϩ above threshold for the release response. This conclusion is supported by the characteristics of the action of caffeine and ryanodine. It is conceivable that the subconductance state of the ryanodine channel produced by ryanodine might lead to a slow emptying of the stores and then to a transient increase of cytoplasmic free Ca 2ϩ with a slow time course and a small amplitude; however, caffeine produces a bursting behavior of the high-conductance ryanodine channel, leading to a prompt emptying of the stores and a fast transient of free cytoplasmic Ca 2ϩ with an amplitude proportional to that of the sensitive deposit (16, 28, 36) capable of triggering Ca 2ϩ -dependent responses, including contraction of cardiac, striated, and smooth muscle (6) and secretion in many cell types, including adrenomedullary chromaffin cells (37, 43) , where it can increase basal release by a factor Ͼ12.
The experiments with potential activators of the phospholipase C system (Fig. 3) deserve some specific commentary. In addition to the agents tested in this study, we have also studied the effects of adrenergic ␣ 2 -agonists (2) and of adrenomedullin (A. Obeso, unpublished observations) on the release of CA in the rabbit CB. These two agents, which are also potential activators of phospholipase C and thereby generators of IP 3 and Ca 2ϩ mobilizers, are similarly ineffective at promoting release of CA above basal, suggesting that mobilization of Ca 2ϩ via IP 3 is not a system well developed in the rabbit CB chemoreceptor cells. Furthermore, in a recent study in our laboratory (35) , we have found that hypoxia in Ca 2ϩ -free solutions or in Ca 2ϩ -containing solutions (thereby promoting the release of all neurotransmitters contained in the cells) did not alter the IP 3 levels. Therefore, the data obtained in the present study indicate that the IP 3 -sensitive Ca 2ϩ stores, if at all present in the rabbit CB chemoreceptor cells, do not play a significant role in the instant-to-instant chemoreception process in chemoreceptor cells.
The -containing solution (see Fig. 4 ), suggesting that the capacity of the internal Ca 2ϩ stores is very small. The lack of effect of ryanodine, TG, and CPA on the release of CA elicited by high K e ϩ and hypoxia (Figs. 5 and 6) indicates that Ca i 2ϩ stores do not participate significantly in supporting the secretory response elicited by these stimuli; the data also suggest that internal Ca 2ϩ stores have a low capacity. Although the secretory response induced by high K e ϩ and hypoxia in chemoreceptor cells is nearly fully dependent on the extracellular Ca 2ϩ (31) , if intracellular stores have a significant capacity to store Ca 2ϩ , they should produce a double effect as follows: 1) to increase the peak of the secretion providing Ca 2ϩ via the Ca 2ϩ -induced Ca 2ϩ release mechanism and 2) to reduce the time course of the secretory response by pumping Ca 2ϩ from the cytoplasm to the intracellular stores. Data show that none of the agents (ryanodine, TG, and CPA) that functionally eliminate the intracellular stores affect the stimulus-induced release of CA. Consistent with the observations made on the secretory response elicited by hypoxia and high K e ϩ , the data presented in Fig. 7 show that (36) . Data show that neither the peak amplitude nor the time constant of the recovery of the Ca 2ϩ transient was affected by TG and CPA. We did not repeat this experiment using a hypoxic stimulus because the peak of the Ca 2ϩ transient produced by high K e ϩ is higher than that produced by hypoxia (23), and the greater the peak of the Ca 2ϩ transient the more evident the buffering capacity of internal stores (34, 36) . In summary, the data presented in Figs. 5-7 are consistent with data of Figs. 1-4 showing that the functional capacity of Ca i 2ϩ stores is very small, and, therefore, the ability of such stores to modulate responses to high K e ϩ and to physiological stimulus, as for example secretion of CA elicited by hypoxia, is negligible.
Our data with TG do not support the interpretation given by Lahiri et al. (26) . These authors found that, in nominally Ca 2ϩ -free solutions, TG increased carotid sinus nerve discharges to flow interruption in a readily reversible manner and concluded that this effect was due to the action of TG on Ca i 2ϩ stores of chemoreceptor cells. Because TG inhibition of Ca i 2ϩ -ATPase is practically irreversible (17, 42) , it implies that the effects observed were not produced on Ca i 2ϩ stores. Similarly, our data do not support the claim made by Biscoe and Duchen (7) and Duchen and Biscoe (15) that a significant part of the Ca i 2ϩ rise produced by hypoxia in the rabbit CB chemoreceptor cells is due to Ca 2ϩ release from a nonidentified intracellular store(s). As shown in Figs. 5 and 6 , the lack of effect of the functional elimination of the readily releasable Ca i 2ϩ stores on the release of CA elicited by hypoxia contradicts the notion that Ca i 2ϩ stores are important to maintain the hypoxic release of neurotransmitters. In fact, our present data are consistent with the studies of Gonzalez et al. (23) and Ureñ a et al. (39) showing that the increase in Ca i 2ϩ produced by hypoxia in isolated chemoreceptor cells from the rabbit CB was totally dependent on the presence of Ca 2ϩ in the bathing solution. A recent observation made in isolated rat CB chemoreceptor cells (29) would appear to suggest an even more prominent role for unidentified Ca i 2ϩ stores in the chemoreception process in this species. These authors found that perfusing rat CB chemoreceptor cells with a solution equilibrated with PO 2 120 mmHg and PCO 2 550 mmHg increased Ca i 2ϩ levels to nearly 700 nM whether the solution contained 200 M CdCl 2 or not; they concluded that the Ca 2ϩ rise originated from intracellular stores. Although a putative anatomic definition of the cellular structure representing the source of the Ca 2ϩ was not made, it would appear that it is not involved in physiological O 2 chemoreception, as showed that the hypoxia-induced rise in Ca i 2ϩ in chemoreceptor cells of the same species was almost completely dependent on the entry of Ca 2ϩ from the extracellular space. Certainly, the undefined intracellular store does not appear to be mitochondria, the structures where CO would act to activate CB chemoreceptors, because uncouplers that collapse the mitochondrial electrochemical gradient produce an increase in Ca i 2ϩ largely dependent on Ca 2ϩ entering from the extracellular space (10) .
In conclusion, none of the agents known to promote the emptying of Ca i 2ϩ stores and to disrupt their Ca 2ϩ -storing capacity are able to produce changes in Ca i 2ϩ levels above the secretory threshold, to alter the Ca i 2ϩ transients produced by cell depolarization, or to 2ϩ stores play only a small role or no role at all in setting the final output of the rabbit CB arterial chemoreceptors. Although the literature seems to favor the same schema for Ca 2ϩ metabolism in chemoreceptor cells of other species, we want to pose some caution in extrapolating to other species the findings reported here in the rabbit CB; it is conceivable that, in the same manner that ionic currents in chemoreceptor cells of different species are different (22, 27) , the Ca i 2ϩ stores can exhibit the same variability.
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